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Outline of talk

A
0 Introduction - the LHC and its experiments
0 LHC in the lineage of heavy ion facilities

0 Lead ion injector chain

O

Design parameters of the LHC as a lead ion
collider

0 Accelerator physics issues limiting the
performance

0 Schedule
o So people will stop asking me ...
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Y Introduction

.,

0 LHC designed mainly as a proton-proton collider
But was not not called “"LPC” for nothing ...

0 Will also operate as heavy ion collider for
something like 1 month/year

0 ALICE experiment dedicated to ions, CMS and
ATLAS also interested

The acceptable luminosity for heavy-ion physics
IS limited by the capabilities of the
experiments.
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LHC ion injector chain

Aim of the I-LHC Project : The aim of the I-LHC project is to consider all aspects to be taken into account
and, all hardware additions necessary, in order to allow heavy ion operation of
the LHC, in addition to proton operation. The projects deals :

» with LHC related aspects and issues limiting the performance during ion
operation and,

s the complete LHC ion injector chain from the source to the SPS and
inchiding accumulation in LEIR. as central part.

I-LHC Project Leader : Karlheinz Schindl

Aim of the LEIR Project : LEIR is a central part of the ion injector chain for LHC. The low intensitv ion
beam coming from Linac 3 will be accumulated and cooled with strong electron
cooling, in order to obtain dense ion bunch useful for LHC ion operation. To this
end. the existing LEAR machine will be reconstructed and modified. based on

£

@ ‘d Local intranet
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(@)Y Lead ions in LHC main ring: credits

~g

0 Karlheinz Schindl

overall I-LHC project
leader

0 John Jowett
LHC main ring

0 Hans Braun
collimation

0 Moira Gresham (Reed
College, Portland)

ECPP, software
0 Bernard Jeanneret
nuclear effects, aperture
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Edgar Mahner

Vacuum: desorption
studies

Igor Pshenichnov (INR,
Moscow)

nuclear cross sections
Elena Shaposhnikova
longitudinal dynamics
+ many others in LHC
project

Optics, instrumentation,
etc.

0 Pre-2003: Daniel
Brandt, ...
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CMS
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Collisions with ions

0 Consider 208ph82+-208ppH82+

collisions for now

CM energy 1.15 PeV with
nominal dipole field.
Beam energy 2.76 TeV/u
n p-Pb, p-A etc. later
ALICE detector specialises
in heavy ion physics
CMS and ATLAS are also
interested in ions
At nominal

luminosity/bunch, initial
lifetime is short with 3
active experiments.

o Run with 1 or 2

experiments or adapt
luminosity during fill.




Hadronic matter

‘.( Early Universe

LHC
“‘I RHIC

I Quark-Slusi

r lElsinnE

Tc =
200 MeV

Temperature

Neutron Star

= § - 10 nuclear

Baryon density p

Phase diagram of hadronic matter showing phase transition from
hadron gas to quark-gluon plasma. Predictions of QCD.
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y Heavy Ion Physics Parameters

~g

SPS RHIC LHC
CM energy / nucleon Vs / U / [GeV] 17 200 5500 X 28

Charged multiplicity dﬁych 400 800  >3000 challenge
Energy density e/[GeV /fm’] 3 5 15-60 denser
Freeze — out volume Vel fm’ ~10° ~10* =~10° larger

QGP lifetime Togp/ [Tm/ ] 1.5-4 >10 longer

1
Thermalization ttme 7/ [fm/ ¢] > ] ~02 <0.1 faster
Toap / To 1 6 > 30

A

With increasing energy, more partons are available, interact more effectively.
Thermalized high-T phase established more quickly and lasts longer.
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The LHC Injector Chain - Schematic

Not to scale

LHC 7 TeV p-p
2.76 TeV/n Pb-Pb

BOOSTER  _ \ A
1.4 GeV <<\¥/> PS 25 Ge) 6 GeV/n Pb
o ) // N > PROTONS
soMev — LEIR 72 MeV/n ~ 1oNS
LINACS  .FRvn

Injector chain slides from K.
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LHC Pb Injector Chain:

Key Parameters for luminosity 102’ cm2 s1

(O

—

ECR Source—>Linac3 _4___, LEIR > PS13128 _ _.SPS 12, LHC
Output energy 2.5 KeV/n 4.2 MeV/n 72.2 MeV/n 5.9 GeV/n 177 GeV/n | 2.76 TeV/n
208Ph charge state 27+ 27+5> 54+ 54+ 54+ 5> 82+ 82+ 82+
Output Bp [Tm] 2285 1.14 4.80 86.7 i>57.1 1500 23350
bunches/ring ' 2 (1/8 of PS) 4 (or 4x2)* 52,48,32 592
ions/pulse 9 10° 1.1510° 1) 9108 4.8 108 <4.710° 4.1 1010
ions/LHC bunch 9 10° 1.15 10° 2.25 108 1.2 108 9 107 7107
bunch spacing [ns] 100 (or 95/5)* 100 100
g*(nor. rms) [um]? ~0.10 0.25 0.7 1.0 1.2 1.5
Repetition time [s] 0.2-0.4 0.2-0.4 3.6 3.6 ~50 ~10°fill/ring
€jong Per LHC bunch? 0.025 eVs/n 0.05 04 1 eVs/n
total bunch length [ns] 200 3.9 1.65 1

150 epA, x 200 ps Linac3 output after stripping

2 Same physical emittance as protons, with the same tight emittance budget
SFor 208 Pb32*, 1 eVs/n ~ 2.5 eVs/charge

4If bunchlets are used in the SPS
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200 epA PbZ5;

Repetition rate 1 > 5 Hz:
RF generator

0 New power converters

Energy ramping
145 >18 GH

- impr'ovedz O RF upgrade to 5 Hz Pb27+ > Pp54+ cavity Dp/p ~ 0.4%
145 GHz CEA

Grenoble

=rc i LINACS.

O Bi-directional injection/transfer Line
O Multiturn inject. into 6D phase space
O Fast (high-current) electron cooling

0 UHV low 102 Torr by beam scrubbing
O RF cavities with frequency "swing” ~8

O New injection equipment
0 RF gymnastics to obtain 4 bunches,
spaced 100 ns (4 pairs of bunchlets ?)

Al Stripper Pb%% to Pb82~:
low-beta insertion
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0 Injection of 52 bunches (pairs
of bunchlets) at 5.9 GeV/n
Q Possibly merging pairs of
bunchlets to 52 bunches at
177 GeV/n by 100 MHz RF syst.




Plasma
Chamber
Insulation

Pb SAMPLE

ECR 4 LEAD SOURCE

(GANIL)

14GHZ POWER

INOVEN &

EXTRACTION

MAIN VACULIM i
PUNMPS ‘ ‘

~ COAXIAL
TRANSITION

g JE OXYGEN

= INPUT

== —-—-1 Il RON YOKE

ST%'-@COE | INSULATION
PUMP = COPPER

I

Present ECR (Electron Cyclotron

Resonance Source) delivers ~
200 ps Pb?7*. To get near the

120 epA X
nominal

200 epA, upgrading from 14.5 to 18 GHz
microwave frequency may be envisaged
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GTS (Grenoble Test Source) from CEA

ECR source with super-performance: >200 euA

with 14.5 GHz expected (proven with Bi)

Purchase of a GTS source being negotiated

LEIR Running-in + Early Scheme feasible with

present source, albeit without margin
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_j Lead Charge States 25+,26+,27+ in Linac3

-,
Pl 271024
GAMIL
SuTe Spectrometer
LINAC 3 -1ONS P
Ph53+ stripper
.Ll | Berlm ="
7@ o S e . Extra magnet
0 keVu g kel 5
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LEIR Working Point ) | e e R Distribution of the charge states at the RFQ input
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4D rms emittance of multicharged beam (Pimm.mrad)

4

—
th

Horizontal Phase plane at RFQ entry
Extra magnet makes spectrometer dispersion-free
Results partially verified experimentally:
Intensity gain factor >1.5 appears realistic

0 T T T T
0 0.001 0.002 0.003 0.004 0.005
relative momentum spread at debuncher output (+-)

A. Lombardi, V. Coco, R. Scrivens, E.
Sargsyan
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Skip LEIR

Injection h=16

Y4 of PS

h=16 to h=14

h=14 1o h=12

Splitting h=24
h=24 to h=21

h=21 to h=169

Splitting

h~423 (200MHz)

72.2 MeV/u

1.0 GeV/u

Chamonix XII - Session 2 Summary — J.-P. Riunaud

J.M. Jowett,BNL Accelerator Physics Seminar, 19/3/2004

M. Chanel, S. Hancock, M. Martini
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SPS

Bunchlets — Yes or No?

Injection plateau lasting 43.2 s at 57.1 Tm, accumulating up to 13 PS
batches of 4 bunches (4 pairs of bunchlets) each. Very little transverse
blow-up/losses allowed

Pb ions suffer from incoherent space charge detuning and Intra-Beam
Scattering (IBS)

Halving the number of ions/bunch (= making bunchlet pairs) halves
these effects as well.

Bunchlet pairs can be recombined by a 100 RF system before
extraction to the LHC

Space charge detuning AQ (about the same in either plane) for
nominal Pb ion bunches:

o 0.082 calculated

1 PP experience: SPS can stand not more than 40 =0.07

O Rlecent measurements (with p): DQ up to 0.18 acceptable on the injection
plateau

IBS growth times (nominal bunches): ~300 s which is acceptable

4Q and IBS the same for Nominal and Early schemes (bunch
properties identical)

0 No bunchlets in the early scheme (“calculated risk”)

0 No installation of 100 MHz RF systems now (intended to limit their impact
on p beams)

J.M. Jowett,BNL Accelerator Physics Seminar, 19/3/2004 16



QKeep nominal bunch population (7 107 ions/bunch) to study limitations

AL useful for physics (early discoveries)
d much easier for injectors (Linac3, LEIR, PS), shorter LHC filling time

(4'/ring)
Q improved Luminosity lifetime because of larger p*
M’J\ J.P. Riunaud
Pb ions / oo
JK Nb of (future) LHC bunch number 7
Linjection bunches 25 108 Frequency
LEIR (2.5 108 Pb ions / 2.4 s) 1 | K !
PS at injection and acceleration 1 | o
8 +
PS at extraction 1 ﬂ/ 12 10 16 + 169
TT2 after stripper No bunclfln splitting
200 MHz
SPS at injection (7.2 s flat-bot), AQgps
after 3 (4) transfers from PS 3@ —/\ A /\ /\— 5 107 =0.1
/
SPS at extraction, 3 (4) ﬁ [\ /\ m 200 Mz

after 3 (4) transfers from PS
. /7 107
LHC at injection, J\ m /\ [L H H 400 MHz
after 16 transfers from SPS about60 S I Tl 1L _

J.M. Jowett,BNL Accelerator Physics Seminar, 19/3/2004 17




y Parameters for Lead Ions in LHC

o[\

Revision/verification of all parameters
Started at Chamonix Workshop 2003

Summarised in forthcoming LHC Design Report
Vol I, Chapter 21 (already on Web site)

0 Recent changes:
Optics update, crossing scheme for ALICE
Introduction of “Early Ion Scheme”
Performance limit from ECPP (later ...)
Complete revision of lifetimes, IBS, etc.
First studies of collimation of lead ions

No 200 MHz RF system for capture at injection
now

J.M. Jowett,BNL Accelerator Physics Seminar, 19/3/2004 18



Nominal scheme parameters

Injection Collision

Beam parameters
Lead 1on energy [GeV] 36900 574000
Lead 1on energy/nucleon [GeV] 177.4 2759,
Relativistic “gamma™ factor 190.5 2063.5
Number of 1ons per bunch 7. % 107
Number of bunches 592
Transverse normalized emittance o] [.4¢ 1.5
Peak RF voltage (400 MHz system) [MV] 8 16
Synchrotron frequency [Hz] 63.7 23.0
RF bucket halt-height 1.04 x 10— 3.56 x 107
Longitudinal emittance (4 ) eV s/charge] 0.7 2.50
RF bucket filling factor 0.472 0.316
RMS bunch length® [cm] 9.97 7.94
Circulating beam current [mA] 6.12
Stored energy per beam [MJ] 0.245 3.81
Twiss function 4, = 4, = 7" at IP2 [m] 10.0 0.5
RMS beam size at IP2 fem 280.6 15.9
Geometric luminosity reduction factor F¢ - |
Peak luminosity at [P2 [cm—“sec ] - 1. x 1047

J.M. Jowett,BNL Accelerator Physics Seminar, 19/3/2004
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Nominal scheme, lifetime parameters

Injection Collision
Interaction data
Total cross section [mb] - 514000
Beam current lifetime (due to beam-beam )” [h] - 1.2
Intra Beam Scattering
RMS beam size in arc [mm] 1.19 0.3
RMS energy spread 0/ Ey 1077 3.9 1.10
RMS bunch length [cm] 9.97 7.94
Longitudinal emittance growth time [hour] 3 7.7
Horizontal emittance growth time” [hour] 6.5 13
Synchrotron Radiation
Power loss per ion [W] 3.5 x 10714 2.0 x 1077
Power loss per metre in main bends [Wm— '] 8 x 10=° 0.005
Synchrotron radiation power per ring [W] 1.4 x 10—° 83.9
Energy loss per ion per turn [eV] 19.2 1.12 x 10°
Critical photon energy [eV] 7.3 x 10—1 2.77
Longitudinal emittance damping time [hour] 23749 6.3
Transverse emittance damping time [hour] 47498 12.6
Variation of longitudinal damping partition number® 230 230
Initial beam and luminosity lifetimes

Beam current lifetime (due to residual gas scattering)® [hour] ? ?
Beam current lifetime (beam-beam. residual gas) [hour] - - 11.2
Luminosity lifetime® [hour| - - 5.6

J.M. Jowett,BNL Accelerator Physics Seminar, 19/3/2004
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Early scheme Parameters

Injection Collision
Beam parameters
Number of bunches 62
Circulating beam current [mA] 0.641
Stored energy per beam [MJ] 0.0248 0.386
Twiss function 4, = 4, = 7" at IP2 [m] 10.0 1.0
RMS beam size at IP2 © [em] 280.6 22.5
Peak luminosity at IP2 [cmZsec 1] - 5.4 x 10%°
Interaction data
Beam current lifetime (due to beam-beam ) [h] : 21.8
Synchrotron Radiation
Power loss per metre in main bends [Wm~ '] 8.5 x 1077 5.0 x 1077
Synchrotron radiation power per ring [W] 1.5 x 10~ 8.8
Initial beam and luminosity lifetimes
Beam current lifetime (beam-beam. residual gas) [hour] - < 21.8
Luminosity lifetime (as in Table 21.3) [hour] - < 11.2

Only show parameters that are different from nominal scheme

J.M. Jowett,BNL Accelerator Physics Seminar, 19/3/2004 21



y Some things are straightforward ...

~g

0 Beam current and stored energy 100 times lower

Many limits to performance of proton beams are
not a problem for lead ion beams
o impedance-driven collective effects
o beam-beam
o electron cloud
o activation and maintenance of collimators

0 Same geometrical transverse beam size and
emittance = some aspects are similar

Considerations of optics, dynamic aperture,
mechanical acceptance, etc. more or less carry
over from protons.
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Electromagnetic Interactions
of Heavy ions

QED effects in the peripheral collisions of heavy ions
SR:::::Z:T?';C: 208 py 82+ 4 208 ppy82+ __v 208 Pb2+ 1208 ppS2+ Copious but harmless
Electron 208 py 82+ 4 208 pp82+ __y 208 pps2ze 208 pysie | o+ Secondary beam out of IP,
cap;ure by pair | glactron can be captured to a number of | €fféctively off-momentum”

roduction
I()ECPP) bound states, not only 1s. 5 - Zl o012 p—,
Electromagnetic 208 ppy82+ 4 208 ppys2+ v 208 pps2e + (8 ppi2y* Secondary beam out of IP,
Dissociation . effectively off-momentum:
(EMD) 1 ,

207Pb82++n p =——_=—4.8X10 for Pb
Other processes have Importance of ECPP for
smaller cross sections. machine first pointed out by

Spencer Klein.
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G tot

Hydrogen
Helum
Oxygen
Argon
Krypton
Indium
Lead

Nuclear cross sections

0 Cross-section for Pb totally
dominated by
electromagnetic processes

0 Values for non-Pb ions

may need upward revision

= Oy +Opyp T Opcpp

OH
0.105

0.35
1.5
3.1
4.5
5.5
8

ECPP from Meier et al, Phys.
Rev. A, 63, 032713 (2001),
calculation for Pb-Pb at LHC

energy

O EMD
0

0.002
0.13
1.7
15.5
44.5
225.

O ECPP
425% 1011

1.x10-8
0.00016
0.04

3.

18.5
280.756

Total cross - section for ion removal from beam

O tot

0.105

0.352
1.63016
4.84

23.

68.5
513.756
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TABLE 1. Cross section for the bound-free pair production of ene ion ondy for different bound states are

y CrOSS_SeCtion given for RHIC and LHC conditions for different ion-ion collisions. Also given are the parameters 4 and B
-, /

to be used in Eq. (28 for the dependence on the Lorentz factor

for ECPP Bound state o RHICY () ol LHCY (b A (b 8 (b

IH-1H ¥, =250 ¥.= 7500
| 5 2.62x 10! 42510 ! 536x 10 Y —340x10 Y
. 25 3.28x 1012 531x10 Y 6,70 10V —4.23x10° Y
Involved tOplC, NuMmMerous 2p(1/2) 375% 10717 6.10% 10V 773101 —520x%10 1*
2p(3/2) 14751017 24110717 3103 10 18 —242x 1012
references 1t’ 97010 1 1.57x= 10V 198 10V —1.26x10° 4
Mg Mg v, =125 v.= 3750
| 5 .61 102 202101 84107 — 2481073
I 20010 3 162w 0T AT 1nd —amTwin—d
] 2pi1/2) 1393 107 2.52%1
Extrapolat|0n from SPS '_:fnj.‘-.-ln :ESE:EJ ngi: EleCtrOn Can be
measurementfs at lower :f\.ag-"Ag re=109 =t captu red to a number
ener in Grafstrom et al 25 433 10" 7,981
PAC9g9y ! 2pi1/2) 281107 521x1 Of bound StateS, nOt
2pi3i2) 380 107 71631
S et eponly 1s.
5 94.9 176 ” ..
25 12.1 22.4 3.04 —1.87
2p(1/2) 3.62 6.77 92710 — 656310
. 2;.;3.-2;. 210107 40110 562107 —493x10¢
MEler Et aII Phys. 3x 3,46 .40 B6Tx107! — 53410
R =99 3= 2957
Rev. A, 63, 032713 || o ;:%;-7 o
- 2p(1/2) 5.21 9.76 1.34 — 946310 !
2001 Ca|CUIat|On 2;:.;3.-2;. 2.78x 107! 533107} 7.50% 107 —6.61%1077
/
s 4.42 8.20 1.11 — 679310
for Pb-Pb at LHC |
5 263 488 66.0 —39.0
25 344 63.7 8.63 —5.10
energy 2pi1/2) 16.7 31.3 4.?.0 —3.00
2pi3/2) 6,77 107! .30 .83 10! —1.63x10 !
s 9,67 17.9 2.43 —1.44
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Y ECPP Cross-section

~g

Use Meier et al’s result for
Pb-Pb at LHC energy:

Electronic configuration of Tead

e Rvirber 1999 [webalernents@sheatfield, 2z 0k ]

Ogcpp = [GECPP (1) + O pepp (25) + Opepp (35)

Sl 21212151

3p

T 4444444 4444
ad 4h4b4 44 H44 50

1210
L1141

This plot shows the ground state

configuration of neutral, gaseous atoms

-

+Gpepp(2P,/2) F Opepp(2P5,,) + -0

~[225.+28.8+8.2+--]
+9.76+0.533+--- barn

~ [€(3)O epp (15)]+9.76 +0.533 + -+ barn

C.f. 204 barn used in

~ 281 barn

o ls
Ggcpp (ns) = EC;P3( )

previous discussions

J.M. Jowett,BNL Accelerator Physics Seminar, 19/3/2004
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Main and ECPP secondary beams

56 beam envelopes, emerging to right of IP2 400
Beam sizes different, strong clifomatic effects

Equivalent 8, = =0.012 forPb Collimation of
secondary beam
not easy, to be
studied.

J.M. Jowett,BNL Accelerator Physics Seminar, 19/3/2004 27
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Dilution over/, ~ 1 m,

Secondary beam spot

Quench limit (conservative)is 8 x10* Pb/m/s

In quadrature with shower length1m = 1.4 m

Beam screen in a
dispersion suppressor
dipole

J.M. Jowett,BNL Accelerator Physics Seminar, 19/3/2004

Energy deposition by ion flux
from ECPP exceeds quench limit
of superconducting magnets by

factor ~2 at nominal luminosity.

(some safety factors in hand ?)
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Y Cures for ECPP?

~g

0 Collimator/spoiler

Needs good separation of main and secondary
beam, not easy

0 Foil
Re-strip ions ?

0 Laser stripping?
Huge Doppler shift helps (82 nm wavelength!)
Power? Feasibility?

0 Not seen in RHIC because of large chamber ?
(would need D, > 3 m for 4 cm half-width)

J.M. Jowett,BNL Accelerator Physics Seminar, 19/3/2004 29



Consequences of EMD effect

0 Magnetic rigidity of ion decreased
Not studied in much detail so far

(ZlaAl) + (229A2)—Y)(ZIDA1) + (Zza Az)*
\!
(Z,, A4,—1)+n

Equivalent o, = —% =—4.8x107° for Pb

Compare shifted momentum spread to momentum acceptance 8,
5,/+0,=48x107 +0.8x107° <87 ~ 6x10~°

—> should be taken up by momentum collimation system

J.M. Jowett,BNL Accelerator Physics Seminar, 19/3/2004
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Collimation

0 208Pp82+ jon-graphite interactions compared with
p-graphite interactions.

Physics process p P “UEph+ “USph+
injection collision injection collision
lonization energy loss -;-‘fiﬁ.? (.12 %/m 0.0088 %/m 9.57 %/m 0.73 %/m
Multiple scattering 73.5 urad /m1/? | 4.72 prad/m1/7? | 73.5 prad/m1/? | 4.72 yrad/m!/?
projected RMS angle
Electron capture length - - 20 cm 312 ¢cm
Electron stripping length - - (.028 cm 0.018 cm
ECPP interaction length - - 24.5 cm 0.63 cm
Nuclear interaction length 38.1 cm 38.1 cm 2.5cm 2.2 cm
(incl. fragmentation)
Electromagnetic dissociation - - 33.0 19.0 cm
length

From Hans Braun

J.M. Jowett,BNL Accelerator Physics Seminar, 19/3/2004 31



Robustness of collimator against mishaps

The higher
Ionisation loss
makes the
energy
deposition at
the impact side
almost equal to
proton case,
despite 100
times less beam
power.

FLUKA calculations from Vasilis Vlachoudis
for dump klcker smgle module preflre |

Graphlte Protons 7 TechZ 1 (l12

-
h

-
=

Similar damage
potential.

Max. Energy Deposition (GeViem?®)

Graphite Pb* 2.76TeVic/amuj1.4 10° Pb?

-
—-

-
[—]

o 20 40 &0 80 100 120 140 160
Length z [em]

From Hans Braun
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Cleaning efficiency

10 . . . . :
: EE:E | Collimators tend to
— 25p, | put fragments on
—a 2py, || trajectories with

g -+- 2571 || large momentum

g -&- 25T 11 errors and small

5 " el || betatron amplitude

: - | — but the secondary

: | collimators are

2 1 designed to cut

’ 1 betatron amplitudes

y Studies under way.

penetration depth (cm)

The probability to convert a 2%8Pb nucleus into a neighboring nucleus.

Impact on graphite at LHC collision energy.
From Hans Braun
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y Fractional heat load in dispersion suppressor, t=12min

~F” \ \ \ \ \
208
20 - : - Il F2° |
Nominal ILHC beam at collision B Pu2
Bl Pb208
Bl Pu25
- Pb204
15 Pp203 |-
-|-|204
1203
. . T|202
Maximum for continous loss, 7201
10 - corresponds to local collimation H
e 3 - 11200
inefficiency of 1.61 10 "'m
------------ = | seeetEEETTEEELEE] | SEEECDSERLE ittt e —————— 199
€ B e
= : M e
‘o 5 B B B L -
M '
0 - m_—__ -i* = mm -.ii—i iiiiiiiiii -I I- iiiiiiiiiii ]
o - - o
mn ~ ~ mn
~ (|2 o 14 S (=
N = = x =
<= 2 < @ =
g |o o o g |o
s |= = = s |=
| - | | | | | ]
570 580 590 600 610 620 630

distance from TCP.D6L7.B1 (m)
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D) Optics

~g

0 Ion optics at injection/ramp
assumed to be essentially same as protons
0 Treat only lead ion optics in collision
Update for move of Q3 magnets (part of V6.5)

Focus on IR2 (ALICE, specialised ion
experiment)

o Maintain p*=0.5 m (unlike protons which have
B*=0.55 m for reasons of aperture)

Ion collisions for ATLAS/CMS may use proton
optics
o Or also squeeze further

Main issue is separation
n Optics re-matched by T. Risselada
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Longitudinal parameters

Injection Collision
Beam parameters

Lead 1on energy [GeV] 36900 574000
Lead 1on energy/nucleon [GeV] 177.4 2759,
Relativistic “gamma™ factor 190.5 2063.5
Number of 1ons per bunch 7. % 107
Number of bunches 592
Transverse normalized emittance o] 14— \j\i
Peak RF voltage (400 MHz system) IMV] /8 16\
Synchrotron frequency [Hz] / 63.7 23,(}\

RF bucket half-height 1.04 x 10— 3.56 x 10
Longitudinal emittance (4 ) eV s/charge] \D.7 2.5Y
RF bucket filling factor 0.473 316
RMS bunch length® [cm] 9.97 7.94

Circulating beam current

Stored energy per beam

Twiss function 4, = 4, = 7% at IP2

RMS beam size at 1P2 :

Geometric luminosity reduction factor F¢

Peak luminosity at P2

J.M. Jowett,BNL Accelerator Physics Seminar, 19/3/2004

Longitudinal emittance at
injection from SPS has been
reduced since we no longer
have 200 MHz RF system for

capture.




\, Intra-beam scattering

T Injection , wr Collision

eV

£1 l:"'l-'l, P

0.23 0.3 0.7s 1 1.25 1.3

Figure 21.6: Emittance growth times from intra-beam scattering as a function of longitudinal emittance for
208pp¥2+ at injection (left plot) and collision (right plot) energies. The transverse emittances and beam intensi-
ties are taken to have their nominal values and the total circumferential voltage from the 400 MHz RF system
are Vpp = 8MV and Vi = 16 MV respectively. Solid and dashed lines correspond to the growth times for

horizontal and longitudinal emittances.
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Y Synchrotron Radiation

~g

0 LHC is the first proton storage ring in which
synchrotron radiation plays a noticeable role,
(mainly as a heat load on the cryogenic system)

0 It is also the first heavy ion storage ring in which
synchrotron radiation has significant effects on
beam dynamics.

Surprisingly, perhaps, some of these effects are
stronger for lead ions than for protons.

Synchrotron radiation loss per turn

2 4
U = 41277, B E = gE
3 c6A4mp3p ’ R B
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0 Scaling with respect to
protons in same ring, same

Synchrotron Radiation

magnetic field o 7

{"Tp _4'1 o

Radiation damping for Pb
is twice as fast as for
protons

o Many very soft photons

n Critical energy in
visible spectrum

J.M. Jowett,BNL Accelerator Physics Seminar, 19/3/2004

~ ~ 162,

o 73
Yion ~ 27 061

2 L
1.5}
1 Radiation damping
ote"s enhanc_ement for all
0574 5‘5“. stable isotopes
- 7
20 40 60 80

Lead is (almost) best, deuteron is worst.
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.,

@‘ Damping partition number variation

riationof longitudiml dampingpartitionnumber wih momentundeviationof closedorbit: o

0,(8)> < 6) 0,6)=— =G-/6)

€ X

JS(SS):dlogU(SS)z2+£+2£8s7 Ss:_l%
do, 1, 1, N fx
I, z@, I, ~1071,, , _ .
p Dampingrate for horizontabetatronmotion
_ 2 a,(5,)=J.(8,)o,(0)=(3-J.(5,))e.(0)
I, = §(Ki(s)D,(s)) ds A0S0 O

0 Allows us to switch some radiation damping from
longitudinal into horizontal motion

Heavily used at LEP, PETRA, TRISTAN, ...

Overcome IBS, shrinking horizontal emittance to
maximize integrated luminosity

Price of a few mm negative closed orbit in arc
QFs - needs further study
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D) Luminosity and beam lifetime

~g

0 Initial beam (intensity) lifetime due to beam-
beam interactions (non-exponential decay)

k,N,  22.4hour
N,L O

for nominal L =10*’ cm™s'with Pb - Pb

Tar =
tot n exp

where n_,, is the number of experiments
illuminated
0 But luminosity may be limited by experiment or
quench limit
L — kbszﬁ) kbszﬁ)

 4no¥ :4n[3*8ny

—> can have same luminosity by varying 3* oc N b2

B*-tuning during collision to maximise integrated
luminosity - especially if N, can be increased.
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D) Luminosity and beam lifetime

~g

0 Initial beam (intensity) lifetime due to beam-
beam interactions (non-exponential decay)

k,N,  22.4hour
N,L O

T, = for nominal L =10% cm™s ' with Pb - Pb

tot n exp

where n_,, is the number of experiments
illuminated
0 But luminosity may be limited by experiment or
quench limit (see later)
L — kbNbZJ[O kbszﬁ)

 4no¥ :4n[3*8ny

—> can have same luminosity by varying 3* oc N b2

Idea of B*-tuning during collision to maximize
integrated luminosity - especially if N, can be
increased.
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Nominal scheme, lifetime parameters (again)

> & f ZE.I;II,G
Injection Collision
Interaction data

Total cross section [mb] - 514000
Beam current lifetime (due to beam-beam )” [h] - 1.2

Intra Beam Scattering
RMS beam size in arc [mm] 1.19 0.3
RMS energy spread 0/ Ey 1077 3.9 1.10
RMS bunch length [cm] 0.97 +Q4
Longitudinal emittance growth time [hour] /’3 ""\
Horizontal emittance growth time” [hour] \(1,5 13 /

Synchrotron Radiation \ﬂ" ~
Power loss per ion [W] 3.5 x 10~ 2.0 x 107
Power loss per metre in main bends [Wm— '] 8 x 10=° 0.005
Synchrotron radiation power per ring [W] 1.4 x 10—° 83.9
Energy loss per ion per turn [eV] 19.2 1.12 x 10°
Critical photon energy [eV] 7.3 x 10—1 >
Longitudinal emittance damping time [hour] 23749
Transverse emittance damping time [hour] 47498
Variation of longitudinal damping partition number® 230

Initial beam and luminosity lifetimes

Beam current lifetime (due to residual gas scattering)® [hour] ?
Beam current lifetime (beam-beam. residual gas) [hour] -
Luminosity lifetime® [hour| -
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f
(;ERN

\

Separation in IR2: three illustrative

cases

0.01 0.01
0.005 0.005 e //N
% 0 - —_—— s/m % 0 - \‘ s/m
~0.005 ~0.005 | \\/ /, o
T30 3200 3300 3400 3500 3600 T30 3200 3300 3400 3500 3600
Je2ounp= 17%, fauice= 100%, 6= 82.2 urad Jierounp= —65%, farice=—100%, .= 81. prad
Two ways of 0.01 :
Way Total separation
getting a . "
: 0.005 | IS superposition
crossing angle of
. e of ALICE
80 urad; one g, | / .
way to get zero = \/ spectrometer
: bump and
crossing angle. ~0.005 | . "
external
Beam ]_ Beam 2 31‘00 3260 33‘00 3460 35‘00 3600 Vertlcal_
/
Somam= 4%, fru= 100%, 6= ~2.8 jrad separation
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s/m

o
7.5 or
750
5 =
5t
2.5 J 4 . \
5 I\ r~ 2.5 \
5 0 | s/m i O: \
> s ~d II : ) : \
. Bad! : -2.5 g \‘
-5 | ] =5 \
75 — -5 L\ T
320(5 “““““““ 33‘50‘ N ‘34‘00‘ . ‘34‘570 372‘00 33‘00 33‘50 3400 3450
o= 17%, faice= 100%, 6= 82.2 urad Jpooump= ~05%. fauice= —~100% 6= 81. urad
Show only o Zero crossing
vertical 5| angle is just
separation In b about achievable
units of vertical N with minimum
RMS beam size " s 3o separation
of Beam 1. N ~ (strictly need 20
Red lines are 7 3250 3400 Hrad)'

possible (ion)
encounters

(Sp/2)

nar, 19/3/2004
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Aperture (APL program)

-, /
o g2 ()
yout schem ——
gpen=T ——
65
15 b 15 15
I oo Tl
=1 5t
ZR00 a0 3200 MK 3500 2800 2R00 00 a0 3400 2606 3800 m|oo Joto 320 i) 3600 2800
-]
S n1is) —— Ms_n1js) ——
wout schem —— voul schem
EpeC=f —— spar=1 ——
65 6.5 —
15 b 15
o =11
5 5
|00 3000 320 i) 300 2800 2B00 F T U V. 1] 3400 2600 3800
& B
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tE_n1{s)
youl schem
spac=7 ——
6.5 —
15
=0

2800 00 3200 2600

All meet the
canonical
aperture
requirements
with B*=0.5m
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y Interaction of Pb ions with residual gas

| osses due to nuclear scattering on residual
gases

Atoms in residual gases (6 usual suspects in
Design Report for protons) have Z<8.

For simplicity, discuss only the dominant
inelastic nuclear scattering (leave out elastic
and electromagnetic contributions, EMD, ECPP
which are smaller). Somewhat optimistic!

Dominant beam-gas lifetime: L - Yo
IS independent of intensity Tog  icg
Multiple Coulomb scattering on residual gas also

causes emittance growth (similar to protons,
not treated here). b _ &LE

Lost ions are a heat load: i
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Inelastic nuclear cross sections

0 Cross-sections of proton-nucleus and nucleus-nucleus inelastic
interactions at ~10 GeV/n, assumed similar at 2.75 TeV/n (as is
the case for protons)

Simple formula, V.S. Barashenkov, 1993

A1/3 2Z 2
. _ /
pA Gin(ZﬂA)_GO|:A1 3+1.851+A1/3 +25(1—Aj—1i|

2
, 1/3 1/3 (4,4,)" Z Z
AA,: csm(zl,Al,Zz,Az)=cs{A1 + 4, +1.85A11/31+2A21/3+2.5 1—21——2 -2

wherec, = 0.038 barn.

o /barn

M Pb, Barashenkov

Comparison with earlier 8 Pt ':',... Pb, Hard-sphere
Hard-sphere overlap ) w'...-*"“'.,,a—

model (Bradt & Peters o

1950) 1 jﬁ

pA, Hard-sphere
_..'::gz pA, Barashenkov
s enenns
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Required gas pressures

Protons with lifetime 100h

Gas Oin n/m-3 P(300K) /nTorr P(5K) /Pa Phg/ (W/m)
H2 0.09 1.03x10%° 32. 7.11x10°8 0.0377
He 0.113 8.2x 1014 25005 5.66x10°8 0.0377
CH4 0.433 2.14x10%4 6.65 1.48x 1078 0.0377
H20 0.397 2.33x10%4 7.24 1.61x10°8 0.0377
CO 0.56 1.65x 1014 5.14 1.14%x10°8 0.0377
CO2 0. 1.07x 1014 3.32 7.37x1072 0.0377
Lead fops with ) pressure that gave phroz‘onP //fg;//g?e 100h
bg/
H2 3.75 1.03x10%° 2.4 0.0165
He 2.48 8.2x10%4 4.55 0.00872
CH4 10.9 2.14x 1014 3.96 0.01
H20 7.52 2.33x10%4 5.28 0.00752
CO 7.22 1.65x10%4 7.76 0.00512
Cco2 11. 1.07x10%4 7.89 0.00503
Lead ions with lifetime 100
Gas Oin n/m-3 P(300K) /nTor) P (5K) /Pa Phg/ (W/m)
H2 3.75 2.47x 1013 0.768 1.71x1079° 0.000397
He 2.48 3.73x1013 1.16 2.58x107° 0.000397
CH4 10.9 8.47x 1012 0.263 5.85x 10710 0.000397
H20 7.52 1.23x1013 0.383 8.5x 10710 0.000397
CO 7.22 1.28x 1013 0.399 8.86x 10710 0.000397
Cco2 11. 8.43x 1012 Q.262 5.82x 10710 0.000397
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y Vacuum: ion-induced molecular desorption
<L/

0 During heavy-ion
operation, alarmingly large
pressure rises observed in
diverse machines at CERN,
GSI, BNL. n

Dynamic pressure rise by

_ApS
Nk,T

m0|ecu|ar desorption from Accelerator | Energy  Particle Desorption yield

lost beam ions [MeV/u] [molecules/ion]

Not well understood, data  AGS L Aw? ~10°

. litt] LINAC3 4.2 Pb 10°...2x10"

!S sparse_, ITTIe 49 PHY7* 0% 210"

information on SIS18 8.6 U 4x10°...1x10°
79+

parameter-dependences. RHIC 8900 Au ~1.5x10’

Workshop in Dec 2003 at

BNL.

First results from recent
SPS experiment are
reassuring.
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From Edgar Mahner / AT
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Dynamic outgassing tests of graphite

collimators with In4°+ at 158 GeV/u

Graphite jaw alignment

-~

Filament scanner

. 1]
- 4
. v :
% i
i ¥
[ g >
f ' it
i . L
b '3 sy
s 0 T .
- ¥ r
i 3 i 7
47y at
" { =3 S .
o [P i .
=2 ) < 5.
k '
. e
3t
i )
- b L *

AN ’
(FIsc) AV TSP j
/‘_w\ U \ _j Conductance -.L
= Thin window “‘ .
¢ A ; Collimator motorization
Beam I N I "
K8 316 N Graphite ale I
2|2 HER
Scintillator = 5 =l Scintillato
"2l (\/ '
BAG Gas injection valve .
Collmator o] LHC collimator
YAYA \/

A

\‘ TMP group

5
—

Desorption experient in SPS North Area
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y Electron Cloud effect with ions ?

~g

0 Key parameters are charge/bunch and bunch spacing
We do not expect electron cloud effects with Pb ions.

NbQion
* LHC p nominal ®
Ix 10"
8% 101
6x 101
451010 RHIC with ecloud
? LHC p no electron
2% 1019 cloud (FZ simulgjion)
e Pbearly  gpp nominal

S
0.01 0.02 0.03 0.04

J.M. Jowett,BNL Accelerator Physics Seminar, 19/3/2004 52



Y Beam Instrumentation

~g

0 Instrumentation optimised for protons early on

0 Lead beams invisible on arc BPMs at about factor
3 below full intensity.

Recent improvement of electronics

0 “Early” scheme - 10 times fewer bunches but full
intensity/bunch (limited by injectors)

1 Visibility on beam current monitors also limited
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Operational parameter space
with lead ions

2 -1
L/cm~s
]_.><:LO27 - . .
vECPP Quench limit
1.x 102° s /
1.x10%°
1.x10%% |
<

:I_.><1023 f 5 %

= g

5 :

= =

2 :
1.x 1022 I ; :

= =

= 2

I 1 1 [ R 1 1 1 L1 L 1 I | [
0.01 0.05 0.1 0.5 1 5 10 Ib/“'A

Thresholds for visibility on BPMs and BCTSs.
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Tentative I-LHC Schedule (Early Beam)

LEIR LEIR PS SPS LHC
injection line ring
Start hardware January April 20051 February
commissioning 2005 2006
Start beam May 2005 August 2005' | May 2006 | (late 2006?) from April
commissioning spring 2007 2008
Problems New source LEIR conversion Start-up SPS experts ALICE wants
available? completed? after an are busy beam “at the
Hardware Maybe running- 18-months commission- end of 1st
installed? in through winter shutdown ing LHC ring | proton period”
Little time for 2005/67 with in 2007 (Nov. 20077?)
hardware new beams
commissioning

1SPS and PS stopped in 2005-> “ideal” year for LEIR commissioning (more
help available)

J.M. Jowett,BNL Accelerator Physics Seminar, 19/3/2004
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Y Conclusions

0 LHC will open up a new regime of ultra-
relativisitic heavy-ion physics

0 Operation of LHC with lead ions limited by new
effects, qualitatively different from protons

0 Restricted to a narrow operational range of
parameters below the nominal luminosity

0 “Early scheme” will allow relatively safe
commissioning, access good initial physics

Reduced risk of magnet quenches from ECPP and
collimation

0 Uncertainties to be resolved with further studies

ECPP heating, EMD losses, vacuum, collimation,
RF noise, ...
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